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Granular  Granular  MetalsMetals
• A collection of metallic islands (grains) buried in an 
amorphous insulating matrix is called GRANULAR METAL

• We suppose that each grain has the same diameter d
and discrete energy spectrum.

• Mean level spacing :

• Dimensional quantization scale is determined by the 
Thouless energy :

• Diffusion coefficient:



DimensionlessDimensionless ConductanceConductance
The fundamental parameter in the description of transport The fundamental parameter in the description of transport 
properties is the properties is the ““dimensionless conductancedimensionless conductance””. It can be . It can be 
determined from the Einsteindetermined from the Einstein’’s relation: s relation: 

The dimensionless conductance in metal corresponds to the The dimensionless conductance in metal corresponds to the 
number of singlenumber of single--particle energy levels in a particle energy levels in a ““stripestripe”” of width of of width of 
the order of the Thouless energy centered around the Fermi the order of the Thouless energy centered around the Fermi 
level:level:

The tunneling dimensionless conductance gT, corresponds to 
the number of electron states in the stripe of the width of 

tunneling amplitude t<<ET centered at the Fermi level:



• In a good granular metal electrons can tunnel from one 
grain to the nearest neighbor with high probability,  This 

means that the tunneling dimensionless conductance gT, 
is large:

• We suppose that inside a single grain electrons can move 
freely in a quasi-ballistic fashion, i.e the intra-grain 
dimensionless conductance

Electron motion in good granular metalElectron motion in good granular metal



• The macroscopic transport is determined by  tunneling 
processes:

• The elastic scattering time is given by

Here 

is the tunneling scattering rate, Z is the coordination number



(Belongs to  Andreas Glatz)



The The HamiltonianHamiltonian in a in a ““mixedmixed”” representationrepresentation ((intraintra--
graingrain momentummomentum space, space, interinter --graingrain direct direct space) space) 
has the form:has the form:

Intra-grain dynamics Inter-grain dynamics

Hamiltonian and double momentum Hamiltonian and double momentum 
representationrepresentation



Double momentum representationDouble momentum representation::

withwith



Conductivity in linearConductivity in linear response theoryresponse theory



Electromagnetic response operatorElectromagnetic response operator

OneOne--electron Green function iselectron Green function is::



Impurities averagingImpurities averaging
In the first  order in In the first  order in 
transparency the electronstransparency the electrons
in in differentdifferent grainsgrains are not  are not  
correlatedcorrelated: : theythey cannotcannot be be 
scattered by thescattered by the samesame
impurityimpurity

AssumingAssuming higherhigher tunnelingtunneling
correctionscorrections, the , the diagramdiagram
turnsturns out  out  toto bebe
proportionalproportional toto the the 
tunnelingtunneling dimensionlessdimensionless
conductanceconductance



WL correction; CooperonWL correction; Cooperon





AnomalousAnomalous MagnetoresistanceMagnetoresistance

No No TimeTime -- ReversalReversal
invarianceinvariance: the : the equationequation
forfor the the CooperonCooperon mustmust bebe
solvedsolved in the direct spacein the direct space

AlsoAlso thethe conductivityconductivity
correctioncorrection mustmust bebe writtenwritten
in the direct spacein the direct space



CooperonCooperon

WL correctionWL correction



General formula for magnetoconductivityGeneral formula for magnetoconductivity



Limiting casesLimiting cases
WhenWhen the the magneticmagnetic lengthlength
isis muchmuch largerlarger thanthan the the 
graingrain sizesize, the , the graingrain lattice lattice 
isis completelycompletely invisibleinvisible forfor
the the fieldfield: : ““usualusual”” behaviourbehaviour
IncreasingIncreasing the the fieldfield, the , the 
graingrain lattice lattice shows upshows up
itselfitself byby the the appearanceappearance of of 
the the ThoulessThouless energyenergy in the in the 
expressionexpression forfor the the 
correctioncorrection



ConclusionsConclusions



PerspectivesPerspectives

NonNon--LinearLinear Sigma Model in the Sigma Model in the doubledouble--
momentummomentum representationrepresentation ((nonnon --
perturbativeperturbative techniquetechnique))
ee --e e interactionsinteractions

Coulomb: screening Coulomb: screening lengthlength, Coulomb , Coulomb blockadeblockade in in 
lowlow dimensionsdimensions
SC: SC: ss --wavewave and and dd --wavewave instablitiesinstablities, relations , relations 
withwith HTCSHTCS


